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ABSTRACT
Present developments in the field of materials chemistry show that,
though inorganic materials are still the choices for many devices, interest in
organic materials is growing day-by-day in view of the latter’s adaptability to
various kinds of applications. The field of nonlinear optics has attracted lot of
interest in the past three decades not only because of the possible numerous
applications in telecommunications, optical data storage etc., but also because of
the fundamental research connected to issues like charge transfer, conjugation,
polarization and crystallization into noncentrosymmetric lattices. In principle,
nonlinear optics (NLO) deals with the interaction of applied electromagnetic fields
in various materials to generate new electromagnetic fields altered in frequency,
phase or other physical properties.  A variety of systems including inorganic
materials, organometallic materials, organic molecules and polymers have been
studied for NLO activity. Owing to the combination of chemical tunability and
choice of synthetic strategies, organic molecules in particular have received much
attention.
In view of the technological applications of the organic materials, the
current research focus is in different technical areas, such as (1) Structural and
multifunctional materials, (2) Energy and power materials, (3) Photonic and
Electronic Materials, (4) hybrid materials, (5) Bio-derived and bio-inspired
materials. Among the five main technological thrust areas of the organic
materials, the focus of this thesis is on “PHOTONIC MATERIALS”. In other
words, this thesis deals with the synthesis and theoretical evaluation of some
efficient nonlinear optical organic materials, which can find applications in the
field of linear and nonlinear optics (otherwise known as photonics).
This thesis mainly focuses on squaraine and croconate dye derivatives,
which have been designed using computational techniques, synthesized and
analyzed for their linear and nonlinear optical properties. Squaraine and
croconate dye derivatives have been synthesized and characterized based on
various techniques like 1H-NMR, 13C-NMR, Mass, IR, and elemental analysis.
Linear optical properties (max) are recorded, compared with theoretical
observations and analyzed. Nonlinear optical properties (second
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hyperpolarizabilities,  and third order nonlinear susceptibilities, (3)) are
measured with Degenerate Four Wave Mixing (DFWM) technique in solution.
This thesis entitled “Design and synthesis of squaraine and croconate
functional dyes: A combined experimental and theoretical study of their linear and
non-linear optical properties” and is divided into five chapters.
CHAPTER 1
 Chapter 1 provides an introduction of functional dyes and nonlinear
Optics, their origin, applications and various types of nonlinear optical effects. A
special emphasis is given to the third order nonlinear optical properties.
Theoretical methods to determine the second hyperpolarizability and
experimental techniques to estimate the magnitude of NLO activity are presented.
Importance of molecules, namely squaraines and croconates chosen for this work
and their applications are discussed.
CHAPTER 2
This chapter deals with linear and nonlinear optical property evaluation of
croconate dyes. Role of the donor groups connected to the oxyallyl central moiety
(suggested to be a powerful acceptor) has been emphasized in the literature for
tuning the absorption maxima and obtaining large NLO activity in croconate dyes
which are oxyallyl derivatives. The preparation of a series of new croconate dye
model molecules with aniline and substituted anilines as strong donors to the
oxyallyl ring has been explained. Using experimental and theoretical techniques
like UV-Visible Spectra, Degenerate Four Wave Mixing(DFWM), DFT, TDDFT
and Symmetry Adopted Cluster-Configuration Interaction(SAC-CI) linear
absorption, non resonant third order optical nonlinearity, charge transfer and
excited states of these molecules have been characterized. These molecules
have absorption in the 440-480 nm range. There is a larger charge transfer (CT)
from the side groups to the central ring in these croconates evident from SAC-CI
calculations compared to CT in NIR croconates. The  values determined by
DFWM experiments show large non resonant values of -2.4 to -5.3  10-32 esu
which is larger than that of similar squaraines suggesting that the larger oxyallyl
ring size  and diradical character in croconates play the major role and not the
Abstract
vi
donor groups. With a non centro-symmetric structure, tunable absorption (visible-
NIR) and larger  values, these less studied croconate dyes are more interesting
and will have a major role to play, than the widely reported centro-symmetric
squaraines, as molecular materials.
CHAPTER 3
Chapter 3 is composed of computational design and synthesis of
squaraine dye derivatives along with linear and nonlinear optical properties
investigation. Non linear optical (NLO) activity of a molecule in general is
connected to fundamental issues like charge transfer, conjugation, polarization,
and recently suggested and less investigated diradical character.  Extensively
studied molecules for negative second order hyperpolarizabilities are the
centrosymmetric squaraine derivatives (SQ) which have absorption in the region
>600 nm. These have no formal electronic structure but can be represented as a
mixture of zwitterionic and diradicaloid valence bond resonance structures. Here
the preparation of a series of visible absorbing squaraine dye molecules with
aromatic amines as strong donors to the oxyallyl ring has been reported. These
squaraines bias the resonance picture completely to the zwitterionic type and
totally eliminates the diradicaloid contribution (estimated using computational
studies to be zero). Due to this lowest energy transitions are blue shifted to the
region < 500 nm. The degenerate four wave mixing (DFWM) studies for
estimation of  values of these molecules using 800nm wavelength laser have
been carried out. The  values are measured under non-resonant conditions and
also at intensities where two photon absorption does not play any role. Nonlinear
absorption properties of these molecules are studied through Z scan technique.
The  values, though smaller than the SQ having absorption in the red, are
reasonably large and range from -1.2 to -6.9 x 10-33 esu. High level computational
techniques and model molecules have been utilized to understand the transition
and the NLO activity in these molecules. It is concluded that these SQ molecules
are purely of the Donor-Acceptor-Donor (D-A-D) type. As these have absorption
below 500 nm and high  values they can also play a major role in the
development of NLO materials.
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CHAPTER 4
In chapter 4, role of the donor groups connected to the oxyallyl central
moiety (suggested to be a powerful acceptor) has been emphasized in the
literature for tuning the absorption maxima in croconate dyes which are oxyallyl
derivatives. It is well known from experimental studies that the oxyallyl
substructure based squaraine and croconate dyes absorb in the NIR region of the
spectrum. Recently another dye has been reported which contains the same
basic chromophore but the absorption is red shifted by at least 300 nm compared
to the former dyes and this absorption is observed near 1100 nm. To analyze the
reasons behind the large red shift, symmetry adapted cluster-configuration
interaction (SAC-CI) studies on some of these NIR dyes which contain the
oxyallyl substructure have been carried out. From this study, contrary to the
earlier reports, it is seen that the donor groups don’t seem to play a major role in
the red-shift of the absorption. Based on the results of the high level calculations
carried out here, and using qualitative molecular orbital theory, it is observed that
the orbital interactions play a key role in the red shift. Finally design principles for
the oxyallyl substructure based NIR dyes are suggested.
CHAPTER 5
In this chapter, a comparative study has been carried out on some Near
Infrared (NIR) absorbing Symmetric Croconate dyes (CR) and Squarylium dyes
(SQ). These are well known NIR dyes and are considered in general to be Donor-
Acceptor-Donor type molecules. It is established in the literature that CR dyes
absorb in the longer wavelength region when compared to the corresponding SQ
dyes. This has been attributed to CR ring being a better acceptor than the SQ
ring. Thus increasing the donor capacity should lead to a bathochromic shift in
both SQ and CR. Experiments reported in the literature have revealed that
increasing the conjugation in the donor part of the SQ molecule first leads to red
shift, which on further increase of conjugation shows a blue shift. Hence to
understand the role of the central ring and the substitutions in the absorption of
these dyes, high-level symmetry-adapted cluster-configuration interaction (SAC-
CI) calculations of some substituted SQ and CR dyes and a comparison of the
absorption energy with the existing experimental data have been carried out.
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Good agreement has been found. SAC-CI calculations of some smaller model
molecules, which contain the main oxyallyl substructure have also carried out.
The geometry (angle) of the oxyallyl subgroup and the substitution in these model
molecules have been carried out to establish a correlation with the bathochromic
shift. The charge transfer is very small and does not play the key role in the red
shift; it is the perturbation of the HOMO-LUMO gap (HLG) both due to geometry
and substitution, which seem to be responsible for this shift. Thus a design
principle of increasing the donor capacity of the groups may not help in the red
shift, but introducing groups which perturb the HLG and decrease it without
changing the MO character should lead to a larger bathochromic shift.
